Background: Prenatal exposure to endocrine disrupting compounds (EDCs) has 2 previously shown to alter epigenetic marks.
Keywords: xenoestrogens, placenta, sex, repetitive elements, global DNA methylation, 23 biomarker, TEXB. insulators. They may also arise as by-products of industrial processes. A variety of 38 adverse health effects have been described in relation to environmental exposure to 39 single xenoestrogens (Arrebola et al. 2013b; Ibarluzea Jm et al. 2004; Valvi et al. 2013) .
40
Many xenoestrogens are persistent organic pollutants (POPs) and bioaccumulate in 41 lipids. Therefore, exposure in human populations, even at low-doses, is most likely 42 ubiquitous, persistent and occurs in complex mixtures (Arrebola et al. 2013a; Fucic et 43 al. 2012) , with effects that may not be predictable when analyzing single compounds 44 independently (Webster 2013 POPs, flame retardants and arsenic, which only weakly or fail to bind to α-fetoprotein, 50 the fetal form of serum albumin (Frederiksen et al. 2010; Pilsner et al. 2012; Tan et al. 51 2009). Exposure in utero has been related to a number of adverse health endpoints in 52 children, including a higher risk for overweight, alterations in psychomotor and 53 cognitive development or urogenital abnormalities in male newborns (Forns et al. 2012; 54 Palmer et al. 2009; Puertas et al. 2010; Valvi et al. 2013) , and several studies have 55 reported sex specific effects occurring by mechanisms that remain poorly understood 56 (Fernandez et al. 2007; Papadopoulou et al. 2013; Vafeiadi et al. 2013; Valvi et al. 2012 57 ).
58
A number of in vivo and in vitro studies and a few human investigations have shown 59 effects of EDCs, mainly pesticides, on different epigenetic marks including DNA 60 methylation as reviewed by Collotta et al. (2013) (Collotta et al. 2013) ., and there is 61 some evidence in animal models of transgenerational inheritance of epigenetic 62 alterations and disease-associated states due to EDCs exposure (Guerrero-Bosagna et al. 63 2012; Guerrero-Bosagna et al. 2013; Manikkam et al. 2013; Skinner et al. 2013) .
64
Repetitive elements are genomic DNA sequences that account approximately for half of 65 the human genome and have often been studied as surrogates of global DNA 66 methylation (Klose and Bird 2006; Lander et al. 2001; Tajuddin et al. 2013; Wilhelm et 67 al. 2010) . A group of these sequences, called retrotransposons, propagate themselves by 68 RNA mediated transposition (Rogers 1983) and constitute an interesting source of 69 human genomic variation, genomic instability and occasionally, disease (Callinan and 70 Batzer 2006; Wolff et al. 2010) . Among retrotransposons, the best studied families are 71 the long interspersed nuclear elements (LINEs), the short interspersed nuclear elements 72 (SINEs), and the human endogenous retrovirus (HERV). Most epidemiological studies 73 in humans have analyzed methylation in LINE1 and AluSx subfamilies in relation to 74 environmental exposures (Kile et al. 2012; Kim et al. 2010; Rusiecki et al. 2008; Wright 75 et al. 2010) . Additional repetitive element subfamilies have been described in humans 76 differing in their nucleotide sequence and estimated evolutionary age of insertion in the 77 human genome. These subfamilies present heterogeneous methylation patterns, which 78 may lead to varying degrees of regulation and susceptibility to environmental stressors 79 like, for example, airborne pollutants or tobacco smoke during pregnancy (Breton et al. 80 2009; Byun et al. 2013 ).
81
The purpose of the present study is to explore whether prenatal exposure to mixtures of 
MATERIAL AND METHODS 86

Study population 87
The INMA (Infancia y Medio Ambiente) Project, is a population-based longitudinal 88 birth cohort, including mother and children pairs from different Spanish regions, aiming 89 at understanding the effects of exposure to prenatal and early postnatal environmental 90 factors on different health outcomes in children including growth trajectories, allergies, 91 asthma and neurodevelopment. Detailed information on recruitment has been published 92 elsewhere (Guxens et al. 2012 (Arrebola et al. 2013b; Fernandez et al. 2007; Ibarluzea Jm et al. 2004; Vilahur et al. 107 2013b) .
108
INMA placentas were randomly collected at the time of delivery in the different 109 hospitals of recruitment and after physical examination they were weighted without 110 deciduas basalis and chorionic plate and frozen at -20ºC or -80ºC. No information was 111 available about the time-to-storage after delivery for each placenta, but a maximum of 6 112 hours was estimated. Then, they were transferred in dry ice to the Biobank at the San
113
Cecilio University Hospital (HUSC) in Granada and stored at -80ºC.
114
Before performing the TEXB biomarker assay, each placenta was slightly defrosted and 115 cut in half, and one of the halves was placed in the glass container of a mixer (Büchi
116
Mixer B-400 Büchi Laboratories AG, Flawil, Switzerland) and homogenized to ensure 117 representativity of the whole placenta in the aliquoting process. The remaining half of 118 the placenta was stored again at -80ºC. The methodology has been published previously 119 (Fernandez et al. 2007 (Fernandez et al. 2007 ).
137
The limit of detection (LOD) was defined as the concentration needed to produce a 138 significantly different proliferative effect from that observed in control cells (0.1 pM 139 Eeq/ml). A concentration equal to 0.05 pM Eeq/ml was assumed for samples with 140 TEXB values below the LOD (n=31, 16.15%).
141
The estrogenicity of the alpha-fraction, which contains no endogenous sex-hormones or 142 polar xenoestrogens (beta-fraction), can be considered a marker of the TEXB of 143 persistent environmental organohalogenated estrogens (Fernandez et al. 2007 ). been proposed by other authors (Janssen et al. 2012) . During the whole procedure 154 samples were handled on ice to prevent complete defrosting of the tissue and biopsies
155
were immediately transferred in labeled tubes kept in dry ice and stored at -80ºC. 
Global DNA methylation 167
We measured placental genome-wide levels of DNA methylation in repetitive elements Table S2 ) and therefore we decided to 194 use CpG position as a random effect rather than averaging methylation across sites, 195 similarly to what has been suggested by other authors (Burris et al. 2012) .
196
To explore sex differences in DNA methylation two-sample t-tests with unequal 197 variances or Mann-Whitney U tests were performed accordingly.
198
TEXB-alpha presented a non-normal right skewed distribution (see Supplemental
199
Material, Figure S1 ) with 31 samples below the LOD (0.01 pM Eeq/ml) which were 200 assigned values of LOD/2. We then created sex-specific TEXB-alpha tertiles which 201 allowed us to explore possible nonlinear dose-response effects at different levels of 202 exposure, as described for several EDCs (Vandenberg et al. 2012) . age, pre-pregnancy body mass index, and smoking during pregnancy, selected because 213 of previous knowledge to impact both DNA methylation and TEXB levels (Morales et 214 al. 2012; Vilahur et al. 2013b) .
215
We used the following model: 
220
To explore possible effect modification by sex we introduced an infant sex interaction 221 term to the multivariable mixed-effect regression models.
222
Considering the number of associations explored, a total of 20, the threshold for 223 significant effects was set at a p-value below 0.0025 after applying Bonferroni 224 correction for multiple testing.
225
Analyses were conducted using STATA 10.1 statistical software (Stata Corporation,
226
College Station, TX).
228
RESULTS 229
Demographic characteristics, TEXB and DNA methylation levels 230
Main characteristics of mother and children of the study population are presented in 231 average DNA methylation levels than younger ones except for the MLT1D element,
241
DNA methylation levels for LINE1 and AluYb8 were similar to what has previously 242 been described in placenta (Armstrong et al. 2014; Wilhelm-Benartzi et al. 2012) and 243 lower than in whole blood as shown by other authors (Armstrong et al. 2014; Byun et 244 al. 2013 ). We explored differences in DNA methylation between boys and girls, 245 comparing the mean methylation across all the CpG sites analyzed for each element.
246
Boys presented on average significantly higher methylation levels compared to girls for 247 5 of the 10 repetitive elements studied, namely the three Alus and two of the HERV 248 elements (ERV1 and ERV9) ( Table 3) . We used a linear mixed-effects regression model to estimate associations between 251 repetitive element DNA methylation and TEXB-alpha exposure, taking the first tertile 252 (T1) as the reference (Table 4) . by sex, we observed a significant male-specific negative association between AluYb8 262 methylation and TEXB-alpha (p value interaction<0.001) ( Table S4 ). found a significant negative association between POPs concentrations and AluSx DNA 287 methylation in a population of highly exposed adult Greenlandic Inuit (n=70, 87% 288 males) (Rusiecki et al. 2008 ). In the second study, a cross sectional design exploring the 289 effect of low-dose OC pesticide exposure in a healthy adult Korean population (n=86), 290 authors also found that environmental exposure was inversely associated with DNA 291 methylation in the AluSx element (Kim et al. 2010) . Although both studies find 292 hypomethylation of an Alu element in relation to OC exposure, neither has specifically 293 analyzed DNA methylation of the AluYb8 subfamily, nor explored sex interactions.
294
A balanced neonatal androgen:estrogen ratio is critical during prenatal period for male 295 sexual differentiation and for the establishment of brain sexual differences during early 296 development (Arnold 2009; Fernandez et al. 2007; Lenz et al. 2012) . A growing body of 297 evidence in humans suggests that sex differences may arise in epigenetic responses to 298 prenatal environmental exposures (Gabory et al. 2009) , and animal studies have 299 suggested that effects may persist over generations (Anway et al. 2005) .
300
Although probably EDCs will produce some of their adverse effects on health by Additionally, hypomethylation of repetitive elements contributes to loss of genomic 318 stability, which is believed to result in somatic retrotranposition and insertional 319 mutations (Romanish et al. 2010; Wilson et al. 2007 ). Disease events due to 320 retrotransposition are mainly caused by the younger Alu elements, mostly the AluYa5,
321
AluYb8 and AluYs subfamilies (Hancks and Kazazian 2012) , which are the most active 322 retrotransposons in humans with >1 million copies. We found that AluYb8, the 323 repetitive element associated with TEXB-alpha exposure in boys in the present study, 324 had higher levels of DNA methylation in placenta than other elements, similarly to what 325 others have reported (Armstrong et al. 2014; Wilhelm-Benartzi et al. 2012) and likely 326 explained by its younger evolutionary age and higher CpG content (Choi et al. 2009 ).
327
There is evidence that retrotransposons can serve as alternative promotors in several Breton et al. 2009; Janssen et al. 2013; 342 Madrigano et al. 2011 ).
343
We found that boys had significantly higher levels of methylation in all the Alu 
355
Limitations
356
An important source of confounding in epigenetic studies may arise from the difference 357 in cell composition of the tissue studied across samples (Jacoby et al. 2012) . This is 
366
Although in our study placentas were not frozen at -80ºC immediately after delivery in a 367 standardized way, which is a common situation in the context of human epidemiological 368 studies, we have previously shown that retrotransposon DNA methylation analyzed by 369 bisulfite pyrosequencing remains stable in relation to time to storage delay at room 370 temperature for up to 24 hours (Vilahur et al. 2013a) , unlike what happens in more 371 labile biological marks such as RNA or protein levels (Adibi et al. 2009; Ferrer et al. 372 2007). 
CONCLUSIONS
374
The present study shows an association between increasing levels of in utero exposure 375 to xenoestrogens and lower placental AluYb8 DNA methylation in boys, both analyzed 376 in the same tissue, which may provide some clues regarding the molecular effects 377 triggered by exposure to mixtures of hormonally active compounds commonly found in 378 the environment and the differential susceptibility among males and females.
379
Additionally, how xenoestrogens may modify the epigenome of specific genes deserves 380 further investigation. 
